Functional assemblies of materials can be realized by tuning the work function and band gap of nanomaterials by rational material selection and design. Here we demonstrate the structural assembly of 2D and 3D nanomaterials and show that layering a 2D material monolayer on a 3D metal oxide leads to substantial alteration of both the surface potential and optical properties of the 3D material. A 40 nm thick film of polycrystalline NiO was produced by room temperature rf-sputtering, resulting in a 3D nanoparticle assembly. Chemical vapor deposition (CVD) grown 10-30 µm WS 2 flakes (2D material) were placed on the NiO surface using a PDMS stamp transfer technique. The 2D/3D WS 2 /NiO assembly was characterized using confocal micro Raman spectroscopy to evaluate the vibrational properties and using Kelvin probe force microscopy (KPFM) to evaluate the surface potential. Raman maps of the 2D/3D assembly show spatial non-uniformity of the A 1g mode (~418 cm -1 ) and the disorder-enhanced longitudinal acoustic mode, 2LA(M) (~350 cm -1 ), suggesting that the WS 2 exists in a strained condition on when transferred onto 3D polycrystalline NiO. KPFM measurements show that single layer WS 2 on SiO 2 has a surface potential 75 mV lower than that of SiO 2 , whereas the surface potential of WS 2 on NiO is 15 mV higher than NiO, indicating that WS 2 could act as electron donor or acceptor depending on the 3D material it is interfaced with. Thus 2D and 3D materials can be organized into functional assemblies with electron flow controlled by the WS 2 either as the electron donor or acceptor.
Introduction
Two dimensional transition metal dichalcogenides (TMDs) such as MoS 2 and WS 2 have received increasing attention in recent years because of their prospective applications in photodetectors, light-emitting diodes, photovoltaics, flexible field-effect transistors and catalysis. 1, 2 The attention on these materials is primarily due to their 2D structure with large band gaps in the visible to near-infrared range, the transition of indirect band gaps of the bulk materials to direct band gaps in 2D layers, facile development of atomically sharp interfaces, improved structural flexibility, and significant carrier mobility and layer-dependent optical and electronic properties. TMD layers lack surface dangling bonds so interaction with a substrate or with other materials occurs via van der Waals forces. The absence of covalent bonds at the TMD surface decreases the effect of imperfect lattice matching between the 2D TMD other 2D or 3D materials, enabling high-quality atomically sharp heterojunctons. 3, 4 The optical and electronic properties of TMDs, such as WS 2 , can be tuned by controlling factors such as the number of TMD layers, structural defects, strain, and/or charge doping via either the interaction with substrate or an external electric field. The large effective mass of the charge carrier and the minimal dielectric screening of 2D materials lead to stronger electron-hole interactions, compared to conventional bulk semiconductors, resulting in large binding energies for both charged and neutral excitons, and thus enable facile manipulation of optoelectric properties. GaN junction forms a high current density Esaki diode with a peak current density of 446 A/cm 2 , indicating that 2D TMDs and 3D semiconductor interfaces are applicable for nanoelectronic applications.
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The large-scale implementation of 2D TMDs with a 3D semiconductor is the next step toward a new generation of optoelectronic devices. However, since this device design is still in the early stages of development, a much better understanding of the 2D/3D material interaction is needed to optimize these devices. Here we report on the optical properties of WS 2 monolayer nanocrystals interfaced with a 3D polycrystalline NiO film, and use Raman spectroscopy and photoluminescence to show that transfer of the WS 2 nanocrystals onto the 3D surface increases the structural heterogeneity in the WS 2 , likely due to strain from contouring to the NiO surface.
Interfacing monolayer WS 2 with NiO also resulted in an 89% decrease in photoluminescence, indicating that effective charge separation occurs at the interface. While more study is needed to fully characterize and understand the optical and electronic properties of the WS 2 /NiO interface, the results reported herein suggest that the interfacing of 2D TMDs to 3D metal oxides are a promising step in optoelectronic device development.
Methods
Stoichiometric NiO targets were used to deposit p-type polycrystalline NiO films on room temperature substrates by RF-magnetron sputtering. The native SiO 2 layer of the cleaned boron doped (1 0 0) Si substrates was removed by buffered oxide etchant before being (Figure 1 ). Minute creases were observed in some transferred WS 2 crystals, and are attributed to stress from the stamp transfer process. The topography of WS 2 -SiO 2 and WS 2 -NiO was measured by atomic force microscopy (AFM) Figure 2A and 2B, respectively. The thickness of the WS 2 layer on polished SiO 2 was measured to be 0.9 nm, signifying single layer WS 2 . Due to the roughness of the polycrystalline NiO film, it was not possible to determine the precise thickness of the WS 2 layer transferred onto the NiO film, but since the majority of synthesized WS 2 crystals were found to be single layer it is expected that the WS 2 crystals transferred to the NiO were also monolayer. Kelvin Probe Force Microscopy (KPFM) measurements show that the relative surface potential of WS 2 is lower than the SiO 2 substrate surface, while the transferred WS 2 has a surface potential larger than that of the NiO substrate surface ( Figure 2C and 2D ). Cross-section profiles (white dotted arrows) indicate that the WS 2 has a surface potential 75 mV lower than SiO 2 , which is consistent with previous reports. 14 The surface potential of the WS 2 -NiO assembly was found to be about 15 mV larger than that of NiO ( Figure 2E and 2F), suggesting that 2D WS 2 can be either an electron donor or accepter, depending on the material it is interfaced with. and our-of-plane A 1g modes, and the second order LA(M) mode were fit by multi-peak Lorentzian fitting (A, lower chart) for analysis. Photoluminescence of WS 2 on NiO displays a decrease in intensity of nearly 90%, as compared to WS 2 on SiO 2 , suggestive of charge separation at the WS 2 /NiO interface (B). The photoluminescence on NiO shows a slight blue shift compared to WS 2 on SiO 2 and is more asymmetric with a broad tail at higher wavelengths indicative of increased strain on the WS 2 crystals.
Photoluminescence of the WS 2 -SiO 2 shows a strong symmetric PL peak at 628 nm, which is in agreement with previous reports, 6, 16, 17 whereas transfer of WS 2 to the NiO film resulted in significantly diminished PL (89%), as well as a slight blue shift of the PL peak. The observed PL decrease of WS 2 -NiO is attributed to quenching effects of a p-n junction, formed at the interface of the p-type NiO film and n-type WS 2 crystal. The diffusion of photogenerated holes toward the NiO and photogenerated electrons to the WS 2 results in a spatial charge separation, which suppresses exciton recombination, thus reducing PL intensity. Our findings are consistent with previously reported values for PL quenching of WS 2 heterostructures (ranging from 10% to two orders of magnitude reduction in PL intensity). [18] [19] [20] Transfer of the WS 2 monolayers to the NiO film also resulted in an asymmetric PL peak with a tail at longer wavelengths. Peak broadening is be attributed to splitting of the PL peak into charged and neutral exciton peaks, indicative of strain on the system, whereas the tail is attributed to the introduction of a higher wavelength peak that describes an indirect bandgap emission peak, also indicative of strain. The Raman and PL characterization of the monolayer WS 2 flakes have suggested that WS 2 -NiO is under more strain than WS 2 -SiO 2 at the point measured. However, the optical properties of monolayer dichalcogenides are known to vary from the center of the crystal to the edges, and so single point characterization does not provide sufficient characterization of the 2D/3D assemblies. Raman maps of peak intensity and peak shift were constructed by rastering the measurements over a 35 µm 2 area ( Figure 4A and 4E), and spectra were fit using multi-peak Figure 4D and 4H. The Intensity ratio of WS 2 -SiO 2 can be distinguished into large regions which range from 5-10 over the crystal, suggesting that the crystal is primarily monolayer, with some regions of structural defects or multi-layers. The more uniform intensity ratio of WS 2 -NiO, as compared to SiO 2 , is indicative of monolayer WS 2 , but small regions with values ranging from 9 -13 are observed which qualitatively correlates with the topography roughness observed by AFM in Figure 2 . Since WS 2 has been shown to have a strong interaction with the underlying NiO film, the presence of these small regions of varying E 1 2g /A 1g ratio suggest that the level of strain varies over the WS 2 monolayer when transferred to
NiO. The variation in strain can be attributed to the conformation of WS 2 to the 3D surface of the NiO, resulting in stretched regions interacting with low-points of the NiO, and regions interacting with high points of the NiO which experiences little or no strain. Thus it is likely that the optical and electrical properties of the WS 2 -NiO assembly can be tuned by controlling the roughness of the underlying 3D material, however, a further study would be needed to verify this.
In this report we have shown that the association of 2D WS 2 and 3D polycrystalline NiO results in the modification of both the surface potential and the optical properties of the film, forming a functional assembly that could be used for optoelectric or semiconductor devices.
Raman shifts of the out-of-plane vibrational modes and spatial variation of strain in the WS 2 monolayer suggest strong van der Waals coupling between the WS 2 and NiO surface.
Photoluminescence quenching of almost 90% signifies that charge separation occurs at the WS 2 -NiO interface, suggestive of a p-n junction. A detailed study of the electronic properties of the WS 2 -NiO assembly is needed to fully characterize the junction, but our findings suggest that integration of 2D and 3D materials results in a promising functional material assembly, suitable for next-generation optoelectronic, photovoltaic, and sensing devices.
